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Antioxidant and Oxidative Stress Changes
during Heart Failure Subsequent to Myocardial
Infarction in Rats
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Antioxidant enzyme activities and oxidative
stress were evaluated in the myocardium in re-
lation to hemodynamic function subsequent to
myocardial infarction in rats. One week after the
coronary ligation, the left ventricular peak sys-
tolicpressure, left ventricular end-diastolic pres-
sure, and aortic pressures remained near con-
trol values and there were no differences in lung
and liver wet/dry weight ratios between experi-
mental and control animals. In the 4-, 8-, and
16-week experimental animals, there was a pro-
gressive drop in left ventricular peak systolic
pressure and an increase in left ventricular end-
diastolic pressure. Aortic systolic pressure was
depressed at 8 and 16 weeks. In myocardial in-
farct rats, there was a significant increase in
wet/dry weight ratio of lungs at 8 weeks and at
16 weeks; this ratio was increasedfor lungs as
weUl as liver. Based on the hemodynamic data as
weU as other observations, animals in the 1-, 4-,
8-, and 16-week groups were arbitrarily catego-
rized into nonfailure and mild, moderate, and
severefailure stages, respectively. In the nonfail-
ure stage, there was a marginal increase in su-
peroxide dismutase, glutathione peroxidase,
and catalase activities as weU as vitamin E levels.
The redox state in these hearts, assessed by the
reduced/oxidized glutathione ratio, was signifi-
cantly increased. Superoxide dismutase activity
was unchanged in mild and moderate failure
stages but significantly depressed at 16 weeks.
Glutathione peroxidase and catalase activities
showed progressive decreases through mild,
moderate, and severe failure stages. Vitamin E
levels were signfifcantly depressed at moderate
and severefailure stages. There was a progres-

sive increase in lipidperoxidation at mild, mod-
erate, and severe stages ofheartfailure and the
redox ratio was significantly depressed in the
severe failure stage. These data suggest that
heart failure subsequent to myocardial infarc-
tion may be associated with an antioxidant def-
icit as well as increased myocardial oxidative
stress. (AmJPathol 1996, 148:291-300)

Congestive heart failure (CHF) after myocardial in-
farction (MI) is a common clinical syndrome with
grave prognosis. Loss of contracting myocardium
due to Ml results in a chronic increase in the work
load of the remaining viable myocardium. The heart
responds with an increase in muscle mass and this
process of heart hypertrophy represents a funda-
mental compensatory mechanism that permits the
ventricle to sustain normal perfusion pressure.1 How-
ever, if this increased load on the heart is allowed to
continue for a prolonged period, cardiac pumping
function is compromised and heart failure super-
venes despite the presence of hypertrophy. Re-
search on heart failure has resulted in several pos-
tulates to explain the pathophysiology of this
disorder. In this regard, data from animal experi-
ments have suggested that increases in free radical
formation and subsequent oxidative stress associ-
ated with the occurrence of a relative deficit in the
endogenous antioxidant reserve may be one of the
mechanisms for the development of CHF.Y3 Evalua-
tion of the pentane content in exhaled air in patients
has been used as an index of free radical injury and
lipid peroxidation.4 Increase in pulmonary pentane
excretion in heart failure patients with acute Ml,5
coronary artery disease,6 angioplasty,7 and other
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conditions8 have been documented. Although data
from patients4-8 as well as animal experiments2'3
provide a strong indication of the involvement of
increased free radical production and lipid peroxi-
dation in the pathogenesis of myocardial dysfunction
subsequent to Ml, direct information on myocardial
antioxidant changes is lacking.

Ml subsequent to coronary ligation in rat hearts
has been reported to be accompanied by hypertro-
phy of the viable myocardium that in prolonged con-
ditions is followed by different stages of failure.9'10
Heart hypertrophy due to chronic pressure overload
in guinea pigs and rats is accompanied by an in-
crease in the endogenous antioxidant reserve with a
concomitant decrease in lipid peroxidation and oxi-
dative stress.2'11 On the other hand, heart failure in a
variety of animal models was accompanied by a
decrease in the antioxidant reserve and increased
lipid peroxidation.11-13 However, changes in myo-
cardial antioxidants as well as oxidative stress in
CHF subsequent to Ml have not been described. In
the present study, we examined changes in the myo-
cardial antioxidant defense systems as well as oxi-
dative stress in relation to the hemodynamic function
at 1, 4, 8, and 16 weeks after the coronary ligation in
rats.

Materials and Methods

Experimental Model
Ml was produced in male Sprague-Dawley rats
weighing 150 + 10 g via occlusion of the left coro-
nary artery.14 In this procedure, the animals were
anesthetized with ether, the skin was incised along
the left sternal border, and the third and fourth ribs
were cut proximal to the sternum with the subse-
quent insertion of retractors. The pericardial sac was
perforated and the heart was exteriorized through
the intercostal space. The left coronary artery was
ligated approximately 1 to 2 mm from its origin with a
6-0 silk thread. After ligation, the heart was reposi-
tioned in the chest. Closure of the incision was ac-
complished by a purse-string suture. Throughout this
surgical procedure, rats were maintained on a pos-
itive pressure ventilation delivering a mixture of 95%
°2 and 5% CO2 mixed with ether. The mortality of all
animals operated upon in this fashion was 35%
within the first 24 hours. Control animals were treated
in a similar fashion with the exception that the suture
around the left coronary artery was not tied. No mor-
tality was observed in the sham control animals
within 24 hours of the operation. After the operation,
animals were allowed to recover. Animals were pro-

vided food and water ad libitum and were used at 1,
4, 8, and 16 weeks for different studies.

Hemodynamic Studies

Animals were anesthetized with sodium pentobarbi-
tal (50 mg/kg intraperitoneally). A miniature pressure
transducer (Millar Micro-Tip) was inserted into the
right carotid artery and then advanced into the left
ventricle. Left ventricular end-diastolic (LVEDP), left
ventricular peak systolic (LVPSP), and aortic dia-
stolic (ADP) and aortic systolic (ASP) pressures were
recorded on a computer with the Axotape acquisition
data program. After hemodynamic recordings, ani-
mals were sacrificed and the heart and other organs
were removed for additional studies.

Histology and Tissue Weights
Four hearts from four animals in each of the respec-
tive post-surgery durations were excised and fixed in
formalin-calcium solution and processed for routine
paraffin embedding. The ventricles in paraffin were
sectioned transmurally and 5-p.m-thick sections
were stained with either hematoxylin and eosin or
Masson's trichrome. The left ventricular scar as well
as the junctional region between the scar and
healthy myocardium were examined.

Lungs and liver were removed and weighed. For
the determination of dry weight, the lungs and liver
were placed in the oven at 65°C until a constant
weight was reached. Wet/dry weight ratios were cal-
culated for lungs and liver.

Biochemical Assays
Connective tissue, atria, and the scar tissue were
carefully removed from all hearts and only the viable
portion of the ventricular tissue was used for bio-
chemical studies.

Superoxide Dismutase (SOD)
SOD activity in the myocardium was determined by
the method previously described by Marklund.15
Myocardium was homogenized (1:10) in 50 mmol/L
Tris-HCI, pH 8.20, containing 1 mmol/L diethylenetri-
amine penta-acetic acid. The homogenate was cen-
trifuged at 20,000 x g for 20 minutes. The superna-
tant was aspirated and assayed for total SOD activity
by following the inhibition of pyrogallol auto-oxida-
tion. Pyrogallol (24 mmol/L) was prepared in 10
mmol/L HCI and kept at 4°C before use. Catalase,
(30 ,umol/L stock solution) was dissolved in an alka-
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line buffer (pH 9.0). Aliquots of supernatant (150 ,ug
of protein) were added to Tris-HCI buffer containing
25 p,l of pyrogallol and 10 Al of catalase. The final
volume of 3 ml was made up with the same buffer.
Changes in absorbance at 420 nm were recorded at
1-minute intervals for 5 minutes. SOD activity was
determined from a standard curve of percent inhibi-
tion of pyrogallol auto-oxidation with commercially
available SOD. Data are expressed as total SOD
units per milligram of protein derived from a SOD
standard curve. The assay was highly reproducible
and the standard curve was linear up to 250 ,ug of
protein with a correlation coefficient of 0.998.

Glutathione Peroxidase (GSHPx)
GSHPx activity was determined in myocardial tissue
by a method previously described by Paglia and
Valentine.16 Tissue was homogenized 1:10 in 75
mmol/L phosphate buffer, pH 7.0. The homogenate
was centrifuged at 20,000 x g for 25 minutes and the
supernatant was aspirated and assayed for total cy-
tosolic GSHPx activity. GSHPx activity was assayed
in a 3-ml cuvette containing 2.0 ml of 75 mmol/L
phosphate buffer, pH 7.0. The following solutions
were then added: 50 ,ul of 60 mmol/L glutathione,
100,l of glutathione reductase solution (30 U/ml), 50
,u of 0.12 mol/L NaN3, 100 ,ul of 15 mmol/L Na2
EDTA, 100 ,ul of 3.0 mmol/L reduced nicotinamide
adenine dinucleotide phosphate (NADPH), and 100
,l of cytosolic fraction. The reaction was started by
the addition of 100 ,ul of 7.5 mmol/L H202 and the
conversion of NADPH to nicotinamide adenine dinu-
cleotide phosphate (NADP) was monitored by a con-
tinuous recording of the change of absorbance at
340 nm at 1-minute intervals for 5 minutes. GSHPx
activity was expressed as nanomoles of NADPH ox-
idized to NADP per minute per milligram of protein,
with a molar extinction coefficient for NADPH at 340
nm of 6.22 x 106.

Catalase
Catalase activity in the myocardial tissue was deter-
mined by the method previously described by Clair-
borne.17 Tissue was homogenized in 1:10 50 mmol/L
potassium phosphate buffer, pH 7.4. Homogenate
was centrifuged at 40,000 x g for 30 minutes. Su-
pernatant (50 ,ul) was added to a 3-ml cuvette that
contained 2.95 ml of 19 mmol/L H202 in 50 mmol/L
potassium phosphate buffer, pH 7.4. Changes in
absorbance at 240 nm were continuously followed
for 5 minutes. Catalase activity was expressed as
units per milligram of protein.

Vitamin E

Myocardial tissue was freeze clamped and stored in
liquid nitrogen until analyzed by the high perfor-
mance liquid chromatography (HPLC) method de-
scribed by Lang et al.18 Tissue was weighed and
homogenized in a solution containing 1 ml of 0.1
mol/L aqueous sodium dodecyl sulfate, 1 ml of water
along with 50 ,li of ethanolic butylated hydroxy-
toluene (10 mg/ml). The sample was transferred to a
10-ml test tube fitted with a teflon-lined screw cap.
The homogenizer was rinsed with 2 ml of reagent
alcohol, which was combined with the homogenate.
The mixture was vortexed for 30 seconds and 2 ml of
hexane were added. Tubes were capped and vor-
texed for 2 minutes and were then centrifuged for 5
minutes at 1000 x g to separate the layers. A 1-ml
volume of the hexane (top) layer was transferred to a
small vial and dried under nitrogen. The residue was
redissolved in 0.25 ml of reagent alcohol. Immedi-
ately after preparation, samples were analyzed by a
Beckman Gold HPLC system. Different components
of the Beckman Gold HPLC system used included a
model 116 programmable solvent delivery system,
model 166 programmable detector module, Altex
injector system, and a Brownlee Silica Spheri-5 (25
cm x 4.6 mm) column. The mobile phase consisted
of methanol/reagent alcohol (1/9, v/v) containing 20
mmol/L lithium perchlorate. The solvent flow rate was
1.0 ml/minute and the injected volume was 20 ,ul.
With an UV detector at 275 nm, the area under the
peak was recorded and compared with an external
standard of a-tocopherol (Sigma Chemical Co., St.
Louis, MO).

Glutathione
Concentration of total glutathione ie, oxidized
(GSSG) + reduced (GSH), was measured in the
myocardium by the glutathione reductase/5,5'-di-
thiobis-(2-nitrobenzoic acid) recycling assay.19 The
rate of dithiobis-nitrobenzoic acid formation is fol-
lowed at 412 nm and is proportional to the sum of
GSH and GSSG present. Myocardial tissue was ho-
mogenized in 5% sulfosalicylic acid. The tissue ho-
mogenate was centrifuged for 10 minutes at 10,000
x g. Supernatant was stored at 40C until assayed.
GSSG alone was measured by treating the sulfosal-
icylic acid supernatant with 2-vinylpyridine and tri-
ethanolamine. The solution was vigorously mixed
and the final pH of the solution was checked to be
between 6 and 7. After 60 minutes, the derivatized
samples were assayed as described above in the
glutathione reductase/5,5'-dithiobis-(2-nitrobenzoic
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Table 1. Venlticlular anld Blood Pressures ini Experimental Rats at 1, 4, 8, and 16 Weeks after Myocardial Infarction
as Compared with Sham Controls

Post-surgical LVEDP (mm Hg)
duration
(weeks)

4
8
16

LVPSP (mm Hg) ADP (mm Hg) ASP (mm Hg)

Control Experimental Control Experimental Control Experimental Control Experimental

2.3 + .25
2.1 + .72
3.9 + .43
3.9 + .53

1.8 + .6 126.3 + 3.3 133.1 + 4.3 65.0 + 1.7
7.6 + .44* 126.9 + 1.2 114.0 + .57t 64.6 ± 1.0

18.6 + 1.0t 128.4 + 2.3 102.4 ± .92t 66.9 + .2
30.6 + .96t 127.5 + 2.5 89.7 + 1.5t 66.8 + .6

64.5 + 1.0
72.8 ± 2.4
70.0 + 1.2
73.3 + 1.3

108.3 ± 8.3
110.8 ± 4.4
106.1 ± 0.6
102.0 ± 2.0

101.7 ± 3.5
100.1 + 2.3
93.7 + 1.0*
91.4 + 0.6*

Values are mean + SE of 8 to 10 rats.
*tSignificantly different (P < 0.05) from respective control groups by *ANOVA and tANOVA followed by Bonferroni's test.

acid)-GSSG reductase recycling assay. GSH values
were calculated as the difference between total
(GSSG plus GSH) and GSSG concentrations. Values
are reported in GSH equivalents, micromoles per
gram of tissue weight.

Thiobarbituric Acid Reacting Substances
(TBARS)
Lipid peroxide content in myocardium was deter-
mined by using the thiobarbituric-acid-reactive ma-
terial method as described previously.20 Tissue was
homogenized in (10% wt/vol) 0.2 mol/L Tris/0.16
mol/L KCI buffer, pH 7.4, and incubated for 1 hour at
37°C in a water bath. A 2-ml aliquot was withdrawn
from the incubation mixture and pipetted into a 12-ml
Corning culture tube. This was followed by the addi-
tion of 2.0 ml of 40% trichloroacetic acid and 1.0 ml
of 0.2% thiobarbituric acid (TBA). To minimize per-
oxidation during the assay procedure, 100 ,lI of 2%
butylated hydroxy-toluene was added to the TBA
reagent mixture. Tubes were then boiled for 15 min-
utes and cooled on ice for 15 minutes. A 2-ml volume
of 70% trichloroacetic acid was added and tubes
were allowed to stand for 20 minutes, at which time
the tubes were subsequently centrifuged at 800 x g
for 20 minutes. The developed color was read at 532
nm on a Zeiss spectrophotometer. Commercially
available malondialdehyde was used as a standard.

Proteins and Statistical Analysis
Proteins were determined by the method described
by Lowry et al.21 Data were expressed as the mean
+ SEM. For a statistical analysis of the data, group
means were compared by one-way analysis of vari-
ance (ANOVA), and ANOVA followed by Bonferroni's
test was used to identify differences between
groups. Values of P < 0.05 were considered signif-
icant.

Results

Hemodynamic Data

At 1 week, there was no change in the LVPSP or
LVEDP (Table 1). LVPSP was significantly decreased
and LVEDP was significantly elevated in the 4-, 8-,
and 16-week groups as compared with their respec-
tive sham controls as well as 1-week experimental
animals. Between 4 and 16 weeks of Ml, these
changes in LVPSP and LVEDP were progressive.
ASP showed a drop at 4, 8, and 16 weeks, but the
decreases were statistically significant only at 8 and
16 weeks (Table 1). Aortic diastolic pressure was not
changed in any of the groups (Table 1). These val-
ues in sham controls were no different from each
other.

Tissue Weight and Histological Observations
At 1 and 4 weeks after Ml, there were no differences
in lung or liver wet/dry weight ratios in experimental
animals relative to controls. However, this ratio for
lungs was significantly higher at 8 and 16 weeks
whereas the liver wet/dry weight ratio was signifi-
cantly increased only at 16 weeks (Table 2). At 16
weeks after Ml, myocardial tissue from different re-
gions of the left ventricle was examined by trichrome
staining. A significant portion of the left ventricular
free wall of the heart that suffered infarction showed
connective tissue deposition with scanty healthy
looking myofibers being still present. In the viable
myocardium away from the scar area, there was
connective tissue deposition in the perivascular re-
gion as well as in the interstitial spaces (data not
shown).

Myocardial Antioxidant Enzymes
Various endogenous antioxidant enzyme activities
were examined in the remaining, viable myocardium
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Table 2. Lung and Liver WVet Dry Weight Ratios in the Animials at 1, 4, 8, and 16 ueeks after Srergeiy

Post-surgical
duration (weeks)

4
8
16

Lung

Control

4.8 + .01
4.8 + .09
4.7 + .01
4.7 + .1

Experimental

4.8 ± .07
5.1 ± .4
5.5 ±- .04t
6.5 + .14t

Liver

Control

2.7 ± .5
2.9 -4- .5
2.9 + .5
2.8 ± .2

Experimental

2.7 + .48
3.1 + .2
3.3 + .33
3.9 + .4*

Values are mean + SE of 8 to 10 rats.
*tSignificantly different (P < 0.05) from respective control groups by *ANOVA and tANOVA followed by Bonferroni's test.

at 1, 4, 8, and 16 weeks after Ml. At 1 week after Ml,
antioxidant SOD showed a trend toward increase
relative to respective controls, followed by a de-
crease at 4, 8, and 16 weeks (Figure 1). The depres-
sion in the SOD activity at 16 weeks was approxi-
mately 45% as compared with its control values and
the change was statistically significant. In the 1-week
experimental group, GSHPx activity was slightly
higher than the control value, but the change was not
statistically significant (Figure 2). At 4, 8, and 16
weeks, GSHPx activity was significantly decreased
as compared with respective sham controls as well
as the 1-week experimental group (Figure 2). A sim-
ilar trend was seen with respect to catalase activity
(Figure 3). At 1 week, catalase activity was 115% as
compared with its control, but the change was not
significant. At 4, 8, and 16 weeks, catalase activity
was 86, 69, and 45% of the respective control values
and these changes were significant.

Myocardial Vitamin E Content

Myocardial vitamin E content was analyzed by quan-
titating a-tocopherol by the HPLC method and these
data are shown in Figure 4. At 1 and 4 weeks after
surgery, vitamin E levels were no different relative to
respective controls. However, at 8 weeks, there was
a 25% depression and at 16 weeks the decrease
was approximately 38% as compared with controls.
These changes were statistically significant.

Lipid Peroxidation

The amount of lipid peroxidation was determined by
evaluating myocardial TBARS. At 1 week after Ml,
TBARS remained near that of control values (Figure
5). At 4, 8, and 16 weeks after Ml, TBARS were
increased by approximately 20, 40, and 64%, re-
spectively, as compared with their controls.
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24% and a decrease of approximately 40% was

seen at 16 weeks. GSSG content in experimental
hearts at 1 and 4 weeks after Ml was significantly
less than controls. At 8 weeks, GSSG content in
experimental hearts was slightly increased com-

pared with control hearts. At 16 weeks, the GSSG
content was significantly increased (>100%) rela-
tive to controls.

Redox state (GSH/GSSG) was evaluated in control
and experimental hearts (Figure 6). The redox state
was significantly higher at 1 week after Ml but began
to decrease at 4 and 8 weeks. A significant reduction
in GSH/GSSG ratio was seen at 16 weeks after Ml.
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Redox State

Myocardial GSH and GSSG contents were evalu-
ated in control and experimental hearts and these
data are shown in Table 3. GSH content in exper-
imental hearts showed no significant change at 1
and 4 weeks after Ml relative to respective con-

trols. At 8 weeks, GSH content was decreased by

Despite the remarkable improvements in strategies
for treating acute Ml and subsequent heart failure,
understanding of the pathogenesis of heart failure
remains a problem. In animal experiments, occur-

rence of antioxidant deficit has been reported as one

of the mechanisms for the development of heart
failure2' 311 and patient data supporting these find-
ings have also begun to emerge. In patients with
CHF, pentane, a product of lipid peroxidation, was

significantly increased as compared with healthy
age-matched subjects.5 8 Furthermore, treatment of
heart failure patients with captopril, a converting en-

zyme inhibitor with a sulfhydryl group, resulted in a

reduction in the pentane levels, which appeared to
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Table 3. Mvocardial Reduced (GSH) and Oxidized (GSSG) GlIutathione Levels in Control and Fxperimental Rats at 1,
4, 8, anzd 16 weeks aftevr Surgery

Post-surgical
duration (weeks)

1
4
8
16

GSH (,mol/L)
Control

79.4 ± 1.4
78.4 + 1.0
79.8 ± 3.3
80.2 ± 3.1

Experimental

82.9 ± 1.7
72.3 + 1.5
60.9 ± 1.4t
47.9 + 1.9t

GSSG (,lmol/L)
Control Experimental

8.6 ± .66 5.3 + .27*
10.1 + .24 7.3 + .30*
12.4 ± .24 17.5 + .39
11.3 + .43 28.3 + 1.8t

Values are mean + SE of 8 to 10 rats. Significantly different (P < 0.05) from respective control group by *ANOVA and tANOVA followed
by Bonferroni's test.

be a consequence of the drug's free radical scav-
enging properties attributable to its sulfhydryl avail-
ability.8 The present study on rats demonstrates for
the first time that the development of CHF secondary
to Ml correlates with a progressive decrease in an-
tioxidants and a concomitant increase in the oxida-
tive stress as well as lipid peroxidation. Although
great caution should be exercised in extrapolating
animal data to humans, a reduction in antioxidant
reserve in the heart during the failure stages may
contribute to the described increased pulmonary
pentane content reported in CHF patients.'-a How-
ever, it is emphasized that increased pulmonary ex-
haled alkanes reflect total body lipid peroxidation
status and to single out heart as the only tissue
source of pentane would be inappropriate.

Maintenance of LVPSP, LVEDP, and ASP in the
1-week experimental group indicated sustained car-
diac functioning in these animals. In addition, at 1
week after MI, no signs of heart failure were evident
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from a wet/dry weight ratio of liver and lungs. Thus,
we suggest it to be a stable function or nonfailure
stage. In the 4-week experimental group, although
LVEDP was elevated and LVPSP was significantly
depressed, aortic pressure was maintained and pul-
monary edema or lung congestion were not appar-
ent, thereby indicating that these animals were in a
stage of mild heart failure. At 8 weeks, a significant
reduction in the LVPSP and an increase in LVEDP
were accompanied by pulmonary edema without
any liver congestion. These animals were consid-
ered to be in a stage of moderate heart failure. At 16
weeks, the greatest elevation in the LVEDP and de-
pressed LVPSP were also accompanied by pulmo-
nary edema and liver congestion suggesting a se-
vere heart failure stage in these animals. The
proposed segregation of experimental animals into
nonfailure and mild, moderate, and severe stages of
heart failure at 1, 4, 8, and 16 weeks, respectively, is
being adopted here for a more objective comparison
of the hemodynamic functional state with the bio-
chemical changes in antioxidants as well as oxida-
tive stress. It is emphasized that this classification is
arbitrary.

The present study also shows that sustained car-
diac function in nonfailing hearts until 1 week after
surgery was accompanied by a mild increase in
antioxidants. Increase in the antioxidant reserve at
this stage was more clearly evidenced by a signifi-
cant increase in the redox ratio or reduced oxidative
stress. The cellular redox state is considered to be a
sensitive index of oxidative stress.22 An increase in
the myocardial redox state has been demonstrated
in different conditions and the change is correlated
with sustained or better hemodynamic func-
tion. 11'22'23 As the post-surgery duration was pro-
longed further, all stages of failure were accompa-
nied by characteristic changes in antioxidants. Mild
failure at 4 weeks was accompanied by a significant
depression in GSHPx and catalase activities. Al-
though SOD activity as well as vitamin E content at
this stage were not changed, there was a significant

lo [ ]
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increase in TBARS. Increases in TBARS have also
been reported in heart failure due to a chronic pres-
sure overload of the heart11 as well as in the case of
cardiomyopathic hamsters.12 A close correlation be-
tween reduced antioxidant reserve and depressed
cardiac function was more apparent at moderate
and severe stages of failure in which antioxidants
were depressed and oxidative stress as well as lipid
peroxidation were higher. These findings may sug-
gest that a relative deficit in the endogenous antioxi-
dants and an increase in oxidative stress may play
an important role in the pathogenesis of heart failure.
Heart failure in patients with coronary artery disease
has been reported to be accompanied by increased
lipid peroxidation as indicated by the breath pentane
content.8

Malondialdehyde determination by the assess-
ment of TBARS as an indicator of lipid peroxidation
has been shown to lack specificity as it may detect
saturated and unsaturated nonfunctional aldehydes
as well as other non-lipid-related reactive material.24
The use of HPLC in quantitating malondialdehyde as
a measure of lipid peroxidation has been suggested
as a better alternate for estimating lipid peroxida-
tion.24 However, estimation of the malondialdehyde
content in the homogenate that has not been acid
heated, as is the case in the HPLC method, could be
several orders of magnitude less than compared
with the homogenate that has been acid heated.25
The study underscores the critical importance of the
acid-heating stage of the TBA assay.25 In any case,
great caution should be exercised in using the esti-
mation of TBARS alone as an index of lipid peroxi-
dation or oxidative stress in tissues. However,
TBARS data become quite meaningful when used in
conjunction with direct studies of the redox state as
well as enzymatic and nonenzymatic antioxidants, as
was done in our study.

Vitamin E has been shown to be a potent antioxi-
dant and its presence in biological membranes is
thought to represent the major defense system
against peroxidation of membrane lipids. A relative
deficiency in myocardial vitamin E may leave the
myocardial tissue susceptible to free-radical-medi-
ated lipid peroxidation and subsequent cardiac dys-
function. Vitamin E deficiency was reported to ac-
centuate adriamycin-induced cardiomyopathy26 as
well as catecholamine-induced cardiomyopathy.27
Animals with vitamin E deficiency frequently display
myopathy of heart muscle.28 Decreases in vitamin E
levels at 8 and 16 weeks may have further compro-
mised the antioxidant protection, particularly in the
membrane phase during the moderate and severe
stages of failure, thus leaving the myocardium vul-

nerable to free radical injury. Reduced levels of vita-
min E have been correlated with increased lipid per-
oxidation as well as higher levels of pentane in
exhaled air in humans.4

Free-radical-mediated damage largely occurs via
lipid peroxidation as well as reduction in thiol
groups.29,30 Peroxidation of polyunsaturated fatty
acids results in changes in membrane architecture
and permeability as well as alterations in membrane-
bound enzyme activities.31 In CHF patients, elevated
lipid peroxidation has also been demonstrated.68
Thus, increased lipid peroxidation during the heart
failure stages subsequent to Ml clearly suggests a
shift in the delicate balance that normally exists be-
tween free radical production and the antioxidant
enzyme defense systems. Myocardial exposure to
oxygen radicals in ex vivo conditions has been
shown to cause increased lipid peroxidation that was
correlated with structural damage, loss of high en-
ergy phosphates, and contractile failure,232 and the
administration of exogenous antioxidants offered
protection against contractile dysfunction induced
by the oxidative stress.2,32,33

Molecular mechanisms for the depressed activi-
ties of these antioxidants are not known. Antioxidant
enzymes are known to be substrate stimulated as
well as inactivated under oxidative stress.3437
Changes in antioxidant enzymes under a wide range
of physiological and pathological conditions such as

38 39,40Q yetoage, exercise, 40-thalassemia,41 hypertro-
phy,2,11,42 heart failure,11 and hypoxia43 have been
reported. These studies clearly document a dynamic
nature of the endogenous antioxidant reserve adjust-
ing to the physiological and pathophysiological con-
ditions imposed. Although the data presented in this
study do not explain the mechanism of the de-
pressed antioxidant reserve, these findings do pro-
vide a good starting point to formulate more mech-
anistically oriented investigations.

In conclusion, this study demonstrates that heart
failure subsequent to Ml is associated with an antioxi-
dant deficit as well as an increase in oxidative stress
and lipid peroxidation. Antioxidant adjustments ob-
served during the early stage may serve to sustain
cardiac function whereas depressed cardiac function
and heart failure may be aided by a decrease in anti-
oxidant reserve. Experiments involving antioxidant
therapy are required to test this hypothesis.
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